Flows of concentrated suspensions at low Reynolds number through an asymmetric T-junction bifurcation composed of rectangular channels are studied experimentally using nuclear magnetic resonance imaging. In contrast to the unequal division of a uniform concentration material, the suspension and the neutrally buoyant, noncolloidal particles are almost equally partitioned between downstream branches, and motion of particles across the dividing stream surface is deduced to occur at the bifurcation. We attribute the rearrangement of particles to enhanced spreading of high concentration ͑and therefore high local viscosity͒ regions of the suspension toward the side branch. The partitioning is accompanied by lateral asymmetry in the concentration and velocity profiles of the downstream branches, although the inlet profiles are symmetric. In the spanwise direction, inhomogeneous concentration distributions that develop upstream persist throughout the inlet and downstream channels. Overall, the fractions of the flow rate and cross-sectional area flowing into the side branch vary slightly with bulk particle volume fraction. Also, inertial effects likely cause an observed shift of the dividing streamline toward the side branch as the flow rate increases, while the flow rate and particle flux fractions entering the side branch hardly change. Finally, directional asymmetry is observed between diverging and converging flows.
I. INTRODUCTION
Liquid-solid suspension flow through a bifurcation has many relevant applications among technological and biological processes. Laminar flow of blood, which can be considered a concentrated suspension of cells, is found in the peripheral circulatory system, where vessels form a network of branching tubes. The nonuniform concentration distribution of red blood cells ͓Aarts et al. ͑1988͔͒, white blood cells ͓Nobis et al. ͑1985͔͒, platelets ͓Eckstein et al. ͑1988͒, Aarts et al. ͑1988͔͒ and administered drugs ͓Dedrick ͑1988͔͒ at vessel junctions have significant physiological consequences. Also developed in recent years is the separation technique of "plasma skimming," a method to separate red blood cells from whole blood by flowing the blood through a network of well-designed and precisely controlled microfluidic bifurcations. This separation approach can also be applied in other processes where cell screening effects can be exploited ͓Leonard et al. ͑2004͒; Faivre et al. ͑2006͒; Jaggi et al. ͑2007͔͒ .
Of importance in the branching flows of suspensions are the bulk suspension partitioning and the particle partitioning in the daughter branches downstream. In early work, Krogh ͑1921͒ observed that blood cells are not distributed in the same proportion as volumetric blood flow and attributed this discrepancy to the nonuniform upstream distribution of blood cells. Recently, Roberts and Olbricht ͑2003͒ found that in a rectangular channel bifurcation, the partitioning of particles differs from the partitioning of fluid. For Y-junction bifurcations, particles preferentially enter the downstream branch receiving the greater volumetric flow rate. Mathematical models were established to compute the cell distribution at bifurcations ͓Schmid-Schonbein et al. ͑1980͒; Perkkio and Keskinen ͑1983͒; Fenton et al. ͑1985͔͒ . These models all assume that red blood cells follow streamlines at the junction and require knowledge of the velocity profile, the cell distribution profile and the dividing streamline surface. Rong and Carr ͑1990͒ found, for a bifurcation composed of circular tube branches, that the dividing surface shape is a function of the ratio of branch diameters and the fractional flow split at the junction. At low flow Reynolds number and when all branches have equal diameters, the separating surface is virtually flat.
Most of the studies mentioned above involve particles which are comparable in size to the channel width or tube diameter ͑R / a Ͻ 4͒ and present in a dilute concentration. Here, R represents the channel width or tube radius, and a corresponds to the particle radius. In contrast, bifurcation flows of small particles ͑R / a Ͼ 20͒ have received less attention in the literature. For these systems, experimental results can be compared to the predictions of continuum models that describe suspension flows, including the effects of shear-induced particle migration.
In the past few decades many studies have examined shear-induced particle migration in flows of concentrated suspensions through various geometries, including pressuredriven channel flow ͓Leighton and Acrivos ͑1987͔͒. Experimental results have been reported for the particle distributions and velocity maps of fully developed flow in a rectangular channel ͓Koh et al. ͑1994͒; Lyon and Leal ͑1998͒; Frank et al. ͑2003͔͒ and a circular tube ͓Hampton et al. ͑1997͔͒. Several numerical computation studies have considered pressure-driven flow ͓McTigue and Jenkins ͑1992͒; Nott and Brady ͑1994͒; Mills and Snabre ͑1995͒; Buyevich ͑1996͒; Morris and Boulay ͑1999͒; Phillips et al. ͑1992͔͒ . Also, Miller ͑2004͒ used the Morris and Boulay ͑1999͒ model to calculate the properties of suspension flows around an obstruction in a planar channel. Such flows have several features in common with bifurcating channel flows, such as the division of the stream and an abrupt change in the cross-sectional area of the channel.
This experimental nuclear magnetic resonance imaging ͑NMRI͒ study aims to provide new insights into bifurcation flow of concentrated suspensions. Differing from many microfluidic bifurcation flow studies, suspensions used in this study have bulk particle volume fraction values of bulk = 0.4 and 0.5 and a channel-particle size ratio of B / a = 35, where B is the channel half width. Additionally, in contrast to most previous studies which artificially control flow rates in each daughter branch Q 1 and Q 2 , this study provides a unique way to examine the suspension partitioning in the downstream branches, where only the total volumetric flow rate is varied. In this investigation, NMRI measurements provide comprehensive, full-field, two-dimensional maps of the particle distribution and flow field, even in visually opaque suspensions, during steady flow through an asymmetric bifurcation. Hence, the capabilities of NMRI offer advantages here beyond those of widely used optical techniques, such as laser-Doppler velocimetry ͓Averbakh et al. ͑1997͒; Lyon and Leal ͑1998͒; Shapley et al. ͑2002͔͒ and particle imaging velocimetry ͓Breedveld et al. ͑1998͔͒. In addition, due to the versatility of NMRI, velocity measurements can be acquired from multiple pulse sequences in order to facilitate vali-dation of the data. Based on the velocity measurements, the streamline map of the diverging flow is calculated, and it sheds light on the shape and position of the dividing streamline at various Reynolds numbers. Measurement of the cross-sectional particle concentration and velocity distributions as well as the streamline maps provides key information leading to deeper understanding of the mechanism for bulk suspension and particle partitioning at the bifurcation junction.
II. EXPERIMENTAL TECHNIQUES
The experimental setup is sketched in Fig. 1 . The flow cell is placed in the bore of the NMRI magnet and the branch flow cell is aligned with the imaging region of the radio frequency probe. The flow cell is then connected to the suspension reservoir on both ends by a flexible plastic tube of 1.27 cm inner diameter, thus forming a closed flow loop. A peristaltic pump with flow rate range of 16-1000 ml/ min drives the flow through the loop.
The suspensions contain poly͑methylmethacrylate͒ ͑PMMA͒ particles ͑Lucite 41, Lucite International, Cordova, TN͒ with an approximate density of 1.18 g / cm 3 and an average diameter of 85Ϯ 20 m. To achieve density matching and preclude buoyancy effects, a solution of glycerin ͑73 wt% ͒ and water ͑27 wt% ͒ is chosen as the suspending fluid. Prior to the experiments, the suspension is degassed in a vacuum oven until all of the visible air bubbles disappear, in order to eliminate the bubbles' unwanted effects on the flow rheology and the tendency to produce NMRI imaging artifacts. To explore the effects of the particle concentration on the flow patterns, two suspensions, of 0.4 and 0.5 bulk particle volume fraction, were used in this study. The suspension flow was also compared to the flow of the pure Newtonian suspending fluid ͑glycerin and water solution͒ with viscosity 0 = 0.023 Pa s. In the inlet branch, the flow Reynolds number, based on the channel half-width B, the average inlet velocity, and the bulk suspension viscosity, ranged from 0.046-0.569 for the bulk = 0.4 suspension and 0.014-0.023 for the bulk = 0.5 suspension. At low Reynolds numbers such as these, zones of recirculation are not observed, and typically appear only for Re Ͼ 20 in Newtonian fluids flowing through a similar geometry ͓Karino et al. ͑1979͒; Rong and Carr ͑1990͔͒.
The branch flow cell was fabricated by constructing the rectangular channels inside a solid PMMA rod ͑see Fig. 2͒ . The inlet parent branch, main daughter branch and side daughter branch have identical dimensions ͑30 mmϫ 11.5 mmϫ 3 mm͒ so that the chan- nel width accommodates 35 particle diameters. The branch flow cell is asymmetric in the sense that particles entering different daughter branches will experience different flow path lengths. Upward flow from the inlet branch to the daughter branches is a diverging flow and the reverse is a converging flow. The branch flow cell is glued to a rigid polycarbonate tube of an inner diameter of 1.9 cm on both sides. Therefore the suspension flows through a straight, circular tube before entering the branches and this proves to have profound effects on the flow patterns in the branches.
A nonuniform particle distribution along the spanwise ͑y͒ direction develops upstream of the inlet channel. The structure of our flow loop causes the suspension to flow through a rigid polycarbonate tube with radius R = 223a ͑0.95 cm͒and length L =52R ͑49.4 cm͒ before entering the branch flow cell. The flow in the tube leads to particle migration to the tube center forming an inhomogeneous particle distribution ͓Hampton et al. ͑1997͔͒. Figure 3 shows a calibrated spin-echo intensity image in the tube immediately upstream of the branch flow cell. The signal intensity is proportional to the fluid volume fraction, so that low intensity ͑dark͒ pixels correspond to high local particle concentration. The dark center clearly indicates that particle migration has occurred. The dashed line marks the position of the inlet branch, where material from the concentrated center region is adjacent to material from the less concentrated annular region on either side, at the entrance to the inlet branch. The wide tube diameter was intended to minimize inlet concentration variations, but improved uniformity can probably be realized by including a contraction-expansion section close to the entrance to the inlet channel. A static mixer was not employed in the flow loop, since the resulting concentration distribution is not well characterized.
In the bifurcation geometry presented here, the main branch and side branch both are connected to a single wide tube 3 cm ͑ten channel widths͒ downstream of the bifurcation. Since the flow is steady and unidirectional in the downstream tube, the pressure across the tube cross section is constant. Because the main branch and side branch have the same, fixed pressure values at each end, the pressure drop along each branch is identical. However, the total length of the side branch is greater by 0.68 cm ͑approximately 20%͒, due to the additional horizontal section at the bifurcation. Accordingly, the pressure gradient along the side branch is slightly lower than that along the main branch.
The concentration and velocity measurements are accomplished on a 9.4 Tesla microimaging system ͑Bruker Avance WB400͒ with maximum imaging gradients of 95.3 G / cm at the Hatch MR Research Center of the Radiology Department at Columbia Medical Center. The NMRI is computer controlled by a SGI workstation running Paravision 2.1 software. For each scanning protocol, optimal NMRI parameters are chosen to yield high quality images. MATLAB 7.0 and other imaging processing programs such as ImageJ 1.32j are used for the analysis of acquired data. Suspension rheological properties are measured by a high-precision rheometer ͑TA Instruments AR 2000͒.
The NMRI protocol employed for concentration measurement is the spin-echo pulse sequence. This pulse sequence includes a slice selective 90°pulse followed by one or more 180°refocusing pulses. In our binary suspension system, the image contrast is given by the spin-spin ͑T 2 ͒ relaxation time difference between the solid particles and the suspending fluid. Since solid particles give no contribution to signal intensity due to their short T 2 relaxation time, the high intensity signals in the images ͑bright on a gray scale͒ correspond to low particle concentration. For the velocity field measurement, two protocols were utilized. The time-of-flight tagging velocimetry method allows direct visualization of velocity profiles ͓Fukushima ͑1999͔͒ while the phase encoding method provides a more comprehensive and quantitative velocity distribution ͓Callaghan ͑1991͒; Pope and Yao ͑1993͔͒. We verified that the tagging and phase encoding velocity profiles agreed for all the data presented here. Subsequently, the concentration and velocity images were quantified. All of the experiments were repeated at least once, except for the bulk = 0.4 suspension at a nominal volumetric flow rate of 50 ml/ min. Raw data from phase encoding measurements in the x -z plane are processed in selfcoded MATLAB programs to give both vertical and horizontal velocity maps stored in two separate matrices, as described in Moraczewski et al. ͑2005͒ . The resultant velocity components in the x and z directions are then combined to calculate flow streamline images utilizing the embedded MATLAB function, "streamline.m." The position of the dividing streamline is then calculated as the average of the positions of the innermost streamlines of the two sets of streamlines running into each branch. Once the dividing streamline position is found and the channel wall locations are identified, the cross -FIG. 3 . Calibrated intensity image showing the particle distribution in the tube upstream of the branches. The dashed line marks the inlet branch position. The signal intensity is proportional to the fluid volume fraction, so that low intensity ͑dark͒ pixels correspond to high local particle concentration.
sectional areas of flows going to the main branch and side branch can be calculated.
One assumption made in the flow area calculation is that the dividing streamline is not curved in the third direction ͑y direction͒. In this study, the phase encoding measurements are acquired on the center x -z plane ͑y = A / 2͒ but we assume that the dividing streamline position is unchanged across the whole channel. This is a reasonable assumption since the Reynolds number in our experiments is less than 1 and at relatively low Re the branching flow tends to have straight dividing lines ͓Rong and Carr ͑1990͔͒. To confirm this assumption, besides the center plane phase encoding, measurements are also taken in planes at y = A / 4 and y =3A / 4 of the channel span length for a selection of flow rates. The same dividing streamline positions Ϯ1 pixel are reached for all of the planes.
The phase encoding measurements are also taken on three parallel axial slices ͑x -y planes͒ at z = −7.5 mm, z = 0 and z = 7.5 mm. The raw data from these axial slices are processed in the same way with MATLAB as the x -z plane phase encoding data to provide the velocity distribution in the channel cross sections of the various branches. The axial velocity map is stored in a matrix and based on it average velocities across the different branches can be calculated and the flow rate in each branch can be further calculated as the product of the average velocity and the channel area. With the knowledge of the dividing streamline position and the assumption of a straight dividing streamline, the inlet channel can be divided into two areas, the area flowing into the main branch, "inlet area 1," and the area flowing into the side branch, "inlet area 2." The suspension flow rates in the two parts can be calculated by multiplying the area by the average velocity for each part.
Particle concentration distribution images are taken alongside the velocity distribution images on seven parallel axial slices evenly spaced with three slices above and three slices below the horizontal part of the flow cell ͑z = −10.5, −7.0, −3.5, 0, 3.5, 7.0, 10.5 mm͒. The concentration quantification process ͑i.e., the conversion from image signal intensity to particle volume fraction͒ resembles that employed by Moraczewski et al. ͑2005͒ . The first step is to remove the image artifacts due to the radio frequency ͑rf͒ field nonuniformity. Images are acquired of the pure fluid to serve as calibration images. The pure fluid produces spatially uniform signal strength and the resulting image nonuniformity largely captures the artifacts that are also present in the suspension images. The calibration procedure reduced the typical image intensity variation ͑relative to the mean value͒ by up to 20%. The calibration is performed with MATLAB programs and once the artifacts are removed, the signal intensity of each pixel is directly proportional to the fluid volume fraction at that point. The proportionality can be found using the following relationship:
where Q is the bulk suspension flow rate measured from axial phase encoding images of the cross-sectional velocity distribution, I͑i , j͒ and v͑i , j͒ are the signal intensity and velocity from phase encoding at pixel ͑i , j͒ inside the flow cell cross section, A px is the area of each pixel and NF is the proportionality or normalization factor. Equation ͑1͒ is based on the assumption that under steady flow conditions particle flux and hence fluid flow rate through any cross section remains constant since there is no particle accumulation or depletion at any particular point along the flow loop. For a flow where the cross-sectional area varies, it is not necessarily accurate merely to set the average concentration in each cross section equal to the bulk concentration. Among the series of scans performed in this study for bulk = 0.4, values of NF fell in a very narrow range of 0.597Ϯ 0.004 and, for bulk = 0.5 and 100 ml/ min nominal flow rate, NF had a value of 0.447Ϯ 0.011. For the bulk = 0.4 suspensions, NF values were independent of the total flow rate.
Once NF is calculated, the signal intensity image can be normalized to the particle concentration map by the following formula:
where ͑i , j͒ and I͑i , j͒ are particle volume fraction and signal intensity at pixel ͑i , j͒, respectively. Particle flux in each branch and in the two different areas of the inlet branch can be further calculated as
III. RESULTS
The time-of-flight tagging velocimetry images shown in Fig. 4 compare the flow patterns captured in the Newtonian fluid flow and the suspension flows. The Newtonian fluid shows the nearly parabolic profile across the narrow x dimension ͓Fig. 4͑a͔͒ and the mostly flat profile along the wide y dimension ͓Figs. 4͑b͒ and 4͑c͔͒ that are typical for flow in a rectangular duct. In contrast, the suspension flow exhibits peaks near the walls and a valley in the middle along the y direction images ͓Figs. 4͑e͒ and 4͑f͔͒. Across the x direction ͓Fig. 4͑d͔͒, the maximum velocity in the two downstream branches is skewed towards the outer walls while in the inlet branch a symmetric profile is maintained.
Another marked difference between the Newtonian and suspension velocity fields is that stronger flow deceleration is apparent in the suspension compared to the Newtonian fluid near the bifurcation. In Fig. 4͑e͒ , the three horizontal tag lines closest to the bifurcation each lie a minimum of 1.25 mm apart in the suspension, while the corresponding lines in Fig. 4͑b͒ lie at least 1.5 mm apart in the Newtonian fluid. The original grid lines are spaced 2 mm apart, which is the constant distance seen between horizontal tags far from the bifurcation.
The velocity maps derived from phase encoding scans show two symmetrical velocity peaks near the channel ends and a velocity valley in the middle of the channel ͑Figs. 5 and 6͒. This pattern is true of both the inlet branch and the two daughter branches downstream. The images shown here are velocity maps for the bulk = 0.4 suspension undergoing a flow of bulk flow rate of 102.1 ml/ min. In the phase encoding images, it can be seen clearly that the difference in the Newtonian and suspension velocity profiles arises from the tendency of the particles to redistribute into a nonuniform configuration during flow. We observe that regions of high particle volume fraction and low shear rate magnitude ␥ xz coincide. For example, near the short axis center line ͑B1, B2, B3 in Figs. 5 and 6͒, the concentration is high, while the shear rate ␥ xz is low, while near the edges in the y direction, the concentration is low and the shear rate ␥ xz is high. This observation is consistent with the concept of particle stress balance found in the suspension balance models ͓Nott and Brady ͑1994͒; Morris and Boulay ͑1999͔͒. Figure 7 shows the spanwise ͑y direction͒ velocity profiles along the long axis center lines of the three branches ͑A1, A2, A3 in Figs. 5 and 6͒. The velocity profiles clearly exhibit the peak-valley-peak pattern shown in the images. In velocity magnitude, the inlet branch has the greatest velocity while the main branch has slightly larger velocity than the side branch. Near the channel walls, the velocities are close to zero, confirming the no-slip boundary condition. The exception is one end wall of the inlet branch. This deviation is due to either image artifacts or uncertainty in the wall position due to finite pixel dimensions. Figure 8 shows the velocity profiles ͑x direction͒ across the short axis center lines ͑B1, B2, B3 in Figs. 5 and 6͒ that go through the velocity "valley." Once again, the inlet branch exhibits greater velocity magnitude than the two daughter branches. Another interesting observation is that all the three branches show different symmetric properties. The inlet branch has velocity symmetry while the two branches slope in opposite directions and thus the crossing of the two curves occurs. Common to the two branches is that they both show maximum velocity near the outer walls, as can be seen in time-of-flight tagging velocimetry images from Fig. 4 . This skew can be also observed in the phase encoding velocity images ͑Figs. 5 and 6͒. The near-zero velocity in the wall vicinities confirms the no-slip condition again. The inlet branch flow rate was 96.8 ml/ min and main and side branch flow rates were 52.2 and 49.9 ml/ min. Streamlines can be constructed from the vertical and horizontal velocity fields. Figure  9 shows the streamlines constructed for the flow of a bulk = 0.4 suspension at an actual flow rate of 182.4 ml/ min. Notice that the MATLAB program fails to draw the two streamlines on the inner wall of the side branch. This is due to the difficulty in locating the channel wall and the irregularity in the velocity near the walls. The missing lines are accounted for in the calculation of the dividing streamline position. The wall positions are identified from the first magnitude image of each longitudinal slice phase encoding scan. Figure 10 summarizes the average flow velocity in the two daughter branches and the two different parts of the inlet channel divided by the dividing streamline for five different flow rates. The velocities have linear relationships with the flow rates. For all of the flow rates, the velocity order is Inlet area 1 Ͼ Inlet area 2 Ͼ Main branch Ͼ Side branch. Error bars represent the standard deviation of three measurements.
Axial concentration slices were also taken at different heights in the inlet branch ͑slices 1, 2, 3 at z = −10.5, −7.0, −3.5 mm͒ and they show no apparent variance and the same is true of slices in the daughter branches ͑slices 5, 6, 7 at z = 3.5, 7.0, 10.5 mm͒. Slice 3 ͑z = −3.5 mm͒ and slice 6 ͑z = 7.0 mm͒ are chosen to represent the concentration slices. Figures 11 and 12 are particle concentration distribution maps in the branches after running steady flow at a flow rate of 16.1 ml/ min. In all three branches, the middle region along the long dimension shows a higher concentration than the sides. The development from the initially uniform particle distribution to this distribution pattern indicates particle migration from the edges to the center occurring along the flow loop. The absolute values of particle concentration mainly fall in the region of 0.35-0.50. Figure 13 shows the particle concentration profile along the long axis channel center branch are due to image artifacts caused by an air bubble trapped in the lower-left channel corner. The concentration map in Fig. 12 also shows the bubble lodging in the corner. Figure 14 shows the concentration profiles across the short axis center line in the branches ͑B1, B2, B3 in Figs. 11 and 12͒. The inlet branch profile is essentially symmetric, while the two daughter branch profiles are asymmetric in the x direction. In both daughter branches, high particle concentration occurs near the inner wall and the regions   FIG. 11 . Particle concentration distributions in the inlet branch ͑z = −3.5 mm, bulk = 0.4, Q =16.1 ml/ min, Re = 0.046͒. NMRI scan parameters: spin-echo pulse sequence, TR= 2 s, TE= 10 ms, field of viewϭ2 cm ϫ 2 cm, slice thicknessϭ1 mm. The center lines in the lateral ͑B1͒ and spanwise ͑A1͒ directions are marked.
FIG. 12.
Particle concentration distributions in main branch ͑left͒ and side branch ͑right͒ ͑z = 7.0 mm, bulk = 0.4, Q =16.1 ml/ min, Re = 0.046͒. NMRI scan parameters: spin-echo pulse sequence, TR= 2 s, TE= 10 ms, field of viewϭ2 cmϫ 2 cm, slice thicknessϭ1 mm. The center lines in the lateral ͑B2, B3͒ and spanwise ͑A2, A3͒ directions are marked. near the outer wall have low particle concentration. This lateral asymmetry can also be observed in the concentration maps in Figs. 11 and 12, and also in the inset longitudinal intensity image.
The average particle concentrations in the various branches after steady flow at nominal flow rates of 20, 50, 100, 150, and 200 ml/ min are measured and their values lie in a relatively narrow range and do not show significant dependence on the actual flow rates. Although the overall flow rate does not seem to have an effect on the final particle 
FIG. 14.
Particle concentration profiles along the center lines ͑B1, B2, B3͒ in Figs. 11 and 12 ͑ bulk = 0.4, Q =16.1 ml/ min, Re = 0.046͒. The inset longitudinal intensity image was acquired after steady flow at the same conditions, at y = A / 2, with a spin-echo pulse sequence, TR= 2 s, TE= 10 ms, field of viewϭ2.5 cmϫ 2.5 cm, slice thicknessϭ1 mm. Note that for the side branch, the horizontal axis coordinate is ͑10 mm− x͒ / ͑2B͒. concentration, a pattern emerges when comparison is made between the different branches. The average concentration values in the branches in descending order are inlet area 1 Ͼ main branch Ͼ side branch Ͼ inlet area 2 . The concentrations averaged among all the flow rates and the corresponding standard deviations are summarized in Table I . Figure 15 shows the particle fluxes through the two daughter branches and the two different parts of the inlet branch at different flow rates. It can be seen that the particle flux F p increases linearly with the increase in suspension flow rate Q. The best fit linear functions that pass through the origin are F p = 0.21 Q for the main branch, F p = 0.19 Q for the side branch, F p = 0.27 Q for inlet area 1 and F p = 0.13 Q for inlet area 2. The slopes of the trend lines for the two branches and for the two parts of the inlet branch add up to the theoretical value of 0.4, since for a bulk = 0.4 suspension the particle flux through the cross section at any point on the flow loop should increase 0.4 times the increase of overall flow rate. This result shows that our normalization procedure for the particle concentration is self-consistent. The error bars show the standard deviation of particle flux values obtained from four different rf calibrations of the concentration image, since the calibration procedure during data analysis introduced the largest uncertainty into the particle flux measurement. Also, the series of corresponding curves for suspension volumetric flow rates flowing through each region plotted against the total flow rate show very similar relative slopes compared to the set of particle flux curves. Figure 16 compares the effect of diverging flow and converging flow on the position of the dividing streamline and the suspension flow rate distribution between the two downstream branches. Three suspensions are used, bulk =0 ͑Newtonian fluid͒, 0.4 and 0.5 suspensions at a nominal flow rate of 100 ml/ min, which corresponds to actual inlet flow rates of 102.1 and 70.1 ml/ min for the suspensions. Changing the flow direction has little effect on the Newtonian flow, since the side branch fraction of both the flow rate and inlet area show little difference between diverging and converging flow. Also, in both diverging and converging flows of the Newtonian fluid, the two fractions are quite close, indicating that the fluid in the inlet area 2 follows the streamlines. For the two suspensions, the diverging flow shows slightly higher side branch flow rate fraction while the side branch fractions of the inlet area show significant difference. The converging flow has a larger inlet area fraction, indicative of a shift of the dividing streamline. As suspension concentration increases, the flow rates in the two branches become closer to equal values ͑0.5 side branch fraction͒. Figure 17 shows the side branch fractions of particle flux, overall flow rate and inlet area plotted against the total volumetric flow rate, for diverging ͑bifurcation͒ flow. The particle flux fraction is almost identical to the overall flow rate fraction. However, except for the slowest flow, the inlet area fraction marked by the dividing streamline is smaller. Neither the particle flux fraction nor the flow rate fraction shows apparent dependence on the flow rate. The trend of the data points is almost flat. However, the inlet area fraction of the side branch shows a declining trend. Accordingly, as the flow rate increases, the dividing streamline moves toward the side branch. The fact that the lines of particle flux fraction and flow rate fraction lie above the inlet area fraction indicates that the suspension moves from the flow entering the main branch to the flow entering the side branch. This redistribution is stronger at higher flow rates.
IV. DISCUSSION
The ability of the particles to respond to flow inhomogeneities by rearranging into a nonuniform configuration influences many aspects of suspension behavior in a bifurcation flow. The features which are most strongly affected by the nonuniform concentration distribution include the detailed concentration and velocity profiles in each branch, the position of the dividing stream surface, and the partitioning of the particles between the downstream branches. A discussion of each of these aspects follows.
The lateral ͑x direction͒ concentration and velocity profiles presented for the inlet branch in this study qualitatively match the profiles for rectangular channels found in the literature. Experimental studies and simulations generally report particle distribution inhomogeneity due to particle migration to the channel center. This nonuniform distribution of particles in turn leads to a blunted velocity profile along the center line for a fully developed flow ͓Koh et al. ͑1994͒; Lyon and Leal ͑1998͒; Frank et al. ͑2003͒; Miller and Morris ͑2006͔͒. The lateral particle volume fraction profile along the short axis channel center line in the inlet branch ͑Fig. 14͒ is similar to previous experimental results and simulation predictions, and the lateral velocity profile along the short axis center line ͑Fig. 8͒ has a typical blunted shape.
In contrast to some of the results presented in the literature, the concentration and velocity profiles obtained in this study are unlikely to be fully developed. According to the calculations of Miller and Morris ͑2006͒ employing the suspension balance model, the required entrance length for a fully developed concentration profile in our system ͑ bulk = 0.4, B / a =35͒ exceeds the inlet branch length of L =20B by 1 or 2 orders of magnitude ͑depending on the choice of relative viscosity models and parameters͒. Therefore, the flow in the inlet branch is only partially developed when it reaches the bifurcation junction.
Because the ratio of the wide dimension channel half width to the particle radius is even larger than for the narrow dimension, the effect of shear-induced particle migration along the wide ͑y͒ direction is insignificant, and this claim is supported by the nearly parallel spanwise concentration profiles in each branch channel presented in Fig. 13 and the velocity profiles presented in Fig. 7 . The velocity pattern is clearly carried from the inlet channel to the daughter branches, with the velocity peaks ͑7.0 cm/ s͒ remaining near the ends and the velocity valley ͑5.5 cm/ s͒ remaining in the middle.
However, the nonuniform spanwise ͑y direction͒ concentration profile and doublepeaked velocity profile along the long axis central line ͑Figs. 13 and 7͒ differ from previous results. Most measurements and simulations concern high aspect ratio channels, such as that of Lyon and Leal ͑1998͒ where A =50B, where the wide dimension can be entirely neglected. In our system, the low cross-sectional aspect ratio ͑3.85:1͒ of the channels causes the wide dimension of the channels to play a limited but non-negligible role in the flow behavior. The two-peak velocity profile is associated with concentration inhomogeneities that develop upstream of the channels, as discussed earlier. The main impact of the wide dimension is that the average shear rate ␥ xz varies in the y direction, in order to balance the stresses in regions of high and low particle volume fraction ͑corresponding to regions of high and low local viscosity͒.
Concentration inhomogeneities along the long axis direction may also be amplified by secondary flows, although the short channel lengths minimize the impact of such flows. In recent work, Ramachandran and Leighton ͑2007͒ find that flow of a suspension in a rectangular channel is susceptible to secondary currents due to the second normal stress difference, where particles are depleted from regions in which the flow boundary has high curvature ͑e.g., corners͒. Here, we observe depletion of particles from corner regions, but attribute the main cause to nonuniform upstream conditions. The entrance length required for the secondary flows to become apparent is estimated at approximately O͑100͒ channel widths. Since the rectangular channels in our study are each only ten channel widths long ͑20B͒, we do not expect secondary flows to have a dominant impact on the measurements, even though the shear-induced migration Peclet number ͑defined by Ramachandran and Leighton as B 2 / a 2 ͒ is high. Therefore, for a general system of short channels, further experiments can determine whether secondary flows play a significant role, but we assume here that the effect is not the major cause of spanwise concentration inhomogeneity.
Gradients in particle concentration are also responsible for the noticeably asymmetric lateral concentration and velocity profiles acquired from the two downstream branches, even though the inlet channel has symmetric lateral concentration and velocity profiles ͑see Figs. 8 and 14͒. As shown in Fig. 11 , the inlet branch exhibits spatial inhomogeneity in the particle concentration, where the channel center has a maximum particle volume fraction value of = 0.53 and the sides have a minimum value of = 0.35. When the suspension leaves the inlet branch, the suspension diverges into two parts along the dividing streamline, which crosses the concentrated center. The asymmetry is formed because the concentrated inlet channel center flows into the inner wall region of the daughter branches and the less concentrated region flows into the outer wall region. In the velocity profiles ͓see Figs. 4͑d͒ and 8͔, sharper gradients appear in the regions of low concentration near the outer walls of the downstream branches.
The downstream asymmetry of the lateral concentration profiles was also detected and explained by Roberts and Olbricht ͑2006͒ in their study of a Y-junction microfluidic bifurcation suspension flow. Their experimental observations and numerical calculations showed that even if particles are uniformly distributed in the upstream inlet channel ͑except for the excluded volume at the walls͒, the particles are skewed to the inner walls of the postbifurcation downstream channels. Their explanation is that the suspension near the inner walls of the downstream branches originates from the particle-rich central region of the upstream branch. The suspension near the outside walls of the downstream branches originates from the particle-free region ͑this happens when the particle size is comparable to the channel width͒ near the inlet branch walls. The downstream inner and outer regions inherit different parts of the upstream branch, thus producing the particle center profile skews in the daughter channels. Roberts and Olbricht ͑2006͒ show that downstream asymmetry occurs for large particles even if the particles passively follow the streamlines, in a dilute suspension. This study shows that a similar outcome results for small particles present at high concentration.
When the suspension leaves the inlet branch and diverges into two parts, what determines the portion of the suspension that flows, or partitions, into each branch? The position of the dividing stream surface is a key parameter in the partitioning of the suspension. According to Fig. 17 , the portion ͑inlet area and denoted by solid triangles͒ of suspension that flows into the side branch declines as the overall flow rate increases. The generally decreasing trend of the area fraction signifies a shift of the dividing streamline toward the side branch as the total flow rate, and hence the Reynolds number, increases. A similar effect is observed experimentally and numerically for Newtonian fluids flowing through circular tube T-junction bifurcations. The location of the dividing stream surface on the center line shifts toward the side branch as the Reynolds number increases ͓Carr and Kotha ͑1995͒; Poflee et al. ͑1997͔͒, although the effect of Re is small for Re Ͻ 1 ͓Carr and Kotha ͑1995͒; Noren et al. ͑2000͔͒ . It is reasonable that the presence of small inertial effects and higher effective flow Peclet number at higher flow rates make it increasingly difficult for the flow to change direction at the branching point, and hence a greater part of the suspension continues to flow in the same direction instead of making an abrupt 90°t urn. Moreover, inertial effects on particle concentration profiles have been observed in moderately and highly concentrated suspension flows in tubes, when Re ϳ O͑0.1͒ ͓Han et al. ͑1999͔͒, which corresponds to the higher end of the Reynolds number range for this study. Hence, the displacement of the dividing streamline toward the side branch at increasing flow rates can be attributed to inertial effects. The slightly shear thinning rheological behavior of concentrated suspensions ͓Zarraga et al. ͑2000͔͒ can be an additional contributing factor to the shift of the dividing stream surface as the total flow rate increases.
Due to the nearly equal partitioning of particles between the two downstream branches, the system has a rather poor capability as a "skimming" device. In Fig. 17 , the side branch ratio of the overall suspension flow rate and the particle flux both hover around 50%. In Fig. 13 , the concentration profiles of the three branches almost overlap. This poor separation efficiency is even worse than the expected separation for a uniform concentration suspension, where only 40% of the total particle flux would enter the side branch, and agrees with the experimental results of Jaggi et al. ͑2007͒ . In their study of the depletion of red blood cells from whole blood in a microchannel device similar to ours in shape, they found that the separation efficiency ͑defined as =1− side / inlet ͒ depends on both the volumetric flow rate ratio Q * = Q side / Q inlet and suspension concentration bulk . As Q * or bulk increases, the separation efficiency falls. The actual average separation efficiency in our study, calculated on the basis of Table I , is only 0.014 when Q average * = 0.49 and bulk = 0.4, in agreement with the results of Jaggi et al. ͑2007͒ . A close to zero separation efficiency implies almost equal concentrations in the side and inlet branches, which is demonstrated in Fig. 13 .
In fact, the separation efficiency of the bifurcation flow cell would be higher if the particles passively followed the streamlines, because inlet area 1Ͼ inlet area 2, as shown in Fig. 17 . Then, a higher average concentration and a higher particle flux would flow through the main branch compared to the side branch. In contrast, we observe nearly equal particle distribution between the two branches. For example, from Table I, the average particle volume fraction in inlet area 1 compared to inlet area 2 is 0.40 vs. 0.37, while the difference is only 0.39 vs. 0.38 for the main branch and side branch. Also, there is a noticeably greater difference in the particle fluxes through inlet areas 1 and 2 ͑ap-proximately 0.15 ϫ volumetric flow rate͒ compared to the difference between the main branch and side branch ͑approximately 0.025 ϫ volumetric flow rate͒. Clearly, the particles have drifted across streamlines so that the main branch and side branch concentrations and particle fluxes are more similar than expected based on the upstream concentration and velocity profiles.
It is unlikely that the mechanism of particle redistribution is shear-induced particle migration of individual particles through direct particle collisions that knock particles headed for the main branch into the side branch ͓Jaggi et al. ͑2007͒; Roberts and Olbricht ͑2003͔͒. For the small particles examined here, the time scale of such inter-particle collisions ͓Moraczewski et al. ͑2005͔͒ is long ͓by a factor of O͑10͔͒ compared to the residence time of particles over the distance where velocity profiles are disturbed by the presence of the branch junction. Instead, it is likely that a larger length scale phenomenon causes the particles to rearrange.
We propose that effective viscosity differences between the center line and wall regions of the suspension can account for the observed particle redistribution at the branch junction. In Fig. 11, a highly concentrated region appears in the center of the channel, with average volume fraction slightly above 0.5. The dense region extends over approximately the center third of the channel in the x ͑lateral͒ direction and approximately the center 50% of the channel in the y ͑spanwise͒ direction. In contrast, the material near the walls bounding the x direction has concentration closer to 0.4 particle volume fraction. According to measurements of bulk suspensions in the rheometer, the effective viscosities of the center and wall regions differ by a factor of 10. From the most similar relative viscosity correlation in the literature, developed by Zarraga et al. ͑2000͒ , the effective viscosities of the center and wall regions differ by a factor of at least 5 or 6.
Previous studies ͓Van de Griend and Denn ͑1989͒; Kamholz et al. ͑1999͒; Hitt and Macken ͑2004͒; Larsen and Shapley ͑2007͔͒ show that viscosity contrast between parallel flowing layers and a sudden change in flow geometry can lead to lateral motion of the interface. In particular, an abrupt increase in flow cross-sectional area and the accompanying deceleration in the flow direction are associated with the lateral spreading of viscous regions at the expense of low viscosity regions. This effect is observed in abrupt annular expansion flow of suspensions ͓Moraczewski et al. ͑2005͒; Moraczewski and Shapley ͑2006͒; Moraczewski and Shapley ͑2007͔͒ and contrasting Newtonian fluids ͓Van de Griend and Denn ͑1989͔͒, and also in converging microchannels ͓Kamholz et al. ͑1999͒; Hitt and Macken ͑2004͒; Larsen and Shapley ͑2007͔͒.
When the inhomogeneous concentration suspension meets the bifurcation, there is an asymmetrical increase in flow cross-sectional area in the direction of the side branch. Therefore, we suggest that the high viscosity center region spreads farther toward the side branch than toward the main branch. Then, when the suspension divides, the concentrated region is almost equally distributed between the two branches, as we see in the image shown in Fig. 12 . The strong flow deceleration in the suspension near the bifurcation junction is clearly captured in the tagging images of Figs. 4͑d͒ and 4͑e͒. The asymmetric change in area provides a driving force for enhanced spreading toward the side branch at the bifurcation. The spreading effect is illustrated in Fig. 18 . The effect is strongest on the short axis center line ͑y = A / 2͒, where the broadest area of high concentration is found as a result of particle migration occurring within the upstream tube flow.
In abrupt annular expansion flows of the same suspensions studied here, the central, concentrated region can expand beyond the streamlines that divide the central stream from the corner recirculating regions ͓see Figs. 3͑b͒, 3͑c͒, and 6 in Moraczewski et al. ͑2005͔͒ in cases where the concentration profile upstream of the expansion is not fully developed. The observation of such a phenomenon in expansion flow suggests that spreading of viscous regions across the dividing stream surface is also possible in bifurcation flow, where a sudden change in cross-sectional area is also present. The spreading of the concentrated region in expansion flow coincides with slight dilution of the high concentration at the tube center as the suspension enters the expansion ͓see Here, we have shown that the nonuniform distribution of particles in bifurcation flow influences the detailed concentration and velocity profiles in each branch, the position of the dividing stream surface, and the partitioning of the particles between the downstream branches. The nearly equal partitioning of particles between the two downstream branches can be attributed to the enhanced spreading toward the side branch of the high concentration region in the center of the inlet channel. The abrupt, asymmetric increase in cross-sectional area in the direction of the side branch drives the enhanced spreading.
V. CONCLUSIONS
In this experimental study, we used NMR imaging to investigate the distribution of noncolloidal, neutrally buoyant, spherical particles among the upstream and downstream branches of an asymmetric T-junction bifurcation during flow at low Reynolds number. In contrast to the majority of previous bifurcation flow studies, the particles were small compared to the channel width and suspended at high concentration. Because the particles can arrange into a nonuniform distribution, a more equal distribution of particles between the two downstream branches is observed at high bulk concentration, compared to what would be expected for a uniform concentration material. This observation is consistent with the notorious inefficiency of "plasma skimming" particle separation devices at high particle concentration. Results clearly imply that the particles have redistributed across streamlines so that the main branch and side branch concentrations and particle fluxes downstream are more similar than expected based on the upstream concentration and velocity profiles. Because the particles are small compared to the channel width, the time scale of direct particle interactions is too long to produce a shift of the magnitude observed. Instead, we attribute the rearrangement of particles across the dividing streamline to the enhanced spreading of high concentration ͑and therefore high local viscosity͒ regions of the suspension toward the side branch.
The particle flux fraction and the flow rate fraction corresponding to the side branch for the 0.4 bulk particle volume fraction suspension are nearly constant in total flow rate, while the inlet area fraction of the side branch decreases with flow rate. We attribute the displacement observed in the dividing stream surface at increasing flow rate to the presence of slight inertia in the flow. Also, the fraction of the flow rate and the fraction of the cross-sectional area flowing into the side branch varied with bulk particle volume frac -FIG. 18 . Sketch illustrating spreading of the concentrated region at the bifurcation. ͑a͒ In the inlet tube, upstream of the bifurcation, the concentrated region of particles ͑shaded͒ flows in the center of the channel, while the dividing streamline surface is located off-center, slightly closer to the side branch. ͑b͒ Right at the bifurcation, the concentrated region of the suspension spreads farther toward the side branch than toward the main branch, due to the asymmetric increase in cross-sectional area of the flow. ͑c͒ The concentrated region divides into the main and side branches according to the position of the dividing streamline surface.
tion. For a Newtonian fluid, the quantities are equal, at a value of approximately 0.4. For suspensions, the fraction of the flow rate entering the side branch increased with particle volume fraction, while the cross-sectional area ͑identified by the dividing stream surface͒ flowing to the side branch decreased. The overall trend observed with increasing bulk concentration likely results from the increased extent of spreading and deceleration occurring immediately at the bifurcation junction. In addition, the asymmetry observed between diverging ͑bifurcation͒ and converging flows is reminiscent of the contrast between contraction and expansion flows of suspensions, where distinct concentration distributions and flow fields are observed.
In general, the spreading or compression of flowing layers with local viscosity contrast appears to play an important role in complex geometry flows of suspensions, where there is an abrupt change in the cross-sectional area of the flow. Since the spreading is a continuum effect, it is likely that suspension models can capture it, once the inlet conditions and the dependence of the relative viscosity on particle concentration are properly represented.
